Abstract Prenatal alcohol exposure (PAE) is one of the most prevalent and modifiable risk factors for somatic, behavioral, and neurological abnormalities. Affected individuals exhibit a wide range of such features referred to as fetal alcohol spectrum disorders (FASD). These are characterized by a more or less specific pattern of minor facial dysmorphic features, growth deficiency and central nervous system symptoms. Nevertheless, whereas the diagnosis of the full-blown fetal alcohol syndrome does not pose a major challenge, only a tentative diagnosis of FASD can be reached if only mild features are present and/or maternal alcohol consumption during pregnancy cannot be verified. The respective disorders have lifelong implications. The teratogenic mechanisms induced by PAE can lead to various additional somatic findings and structural abnormalities of cerebrum and cerebellum. At the functional level, cognition, motor coordination, attention, language development, executive functions, memory, social perception and emotion processing are impaired to a variable extent. The long-term development is characterized by disruption and failure in many domains; an age-adequate independency is frequently not achieved. In addition to primary prevention, individual therapeutic interventions and tertiary prevention are warranted; provision of extensive education to affected subjects and their caregivers is crucial. Protective environments are often required to prevent negative consequences such as delinquency, indebtedness or experience of physical/sexual abuse.
Introduction
Alcohol and its metabolites such as acetaldehyde affect the developing embryo and fetus both as teratogens and via a negative influence on maternal physiology. Alcohol acts as a non-obligatory human teratogen indirectly through the placenta and produces defects depending on the stage of development that are similar to those observed in animal models. Prenatal alcohol exposure (PAE) entails negative effects throughout intrauterine development; both human and rodent data point to the importance of early developmental stages for structural and functional CNS effects [1, 2] . Heavy PAE can entail fetal death, malformations, dysmorphic features, growth deficiency, and cognitive and behavioral deficits. In humans, conflicting results exist for the causal role of low-to-moderate maternal drinking for neuropsychological impairments of the offspring without identifiable physical abnormalities. This is not surprising, because it is next to impossible to adjust for all potential confounders including, e.g. confounding by smoking, other drugs, lifestyle factors, dietary habits, postnatal environment, and genetic factors [3] . Furthermore, assessment at a young age does not reliably allow prediction of future behavior [4] . The finding of an association of externalizing behavior such as aggression [5] at an age of 6-7 years with a mean level of PAE as low as one drink per week suggests that there is no safe amount of PAE.
Prenatal alcohol exposure is common in the early weeks after conception; rates depend on national, cultural, ethnic, racial and socioeconomic backgrounds. In England, approximately 75 % of pregnant females queried at 18 and 32 weeks' gestation stated drinking any alcohol defined as B1 U/week either in the first trimester or when they felt the baby first move or at 32 weeks [3] . In the USA, approximately 53 and 12 % of non-pregnant 18-to 44-year-old females contacted via telephone surveys reported any alcohol use and binge drinking over the last year; among pregnant females the respective percentages were 12 and 2 % [6] . Older age, college education, employment and not being married were associated with higher rates of alcohol use among pregnant women; only the latter two were associated with binge drinking.
In this selective review we focus on central nervous system (CNS) consequences of PAE. Our intention is to provide child and adolescent psychiatrists with a framework for integrating neurobiological findings with the psychiatric/psychological symptoms of FASD.
Diagnosis and prevalence rates of fetal alcohol spectrum disorders
Because each of the individual abnormalities is often subtle, hard to detect, and non-specific, the diagnosis of FASD relies on the occurrence of a set of diagnostic criteria which have been allotted to the four categories facial features, growth retardation, structural or functional dysfunction of the CNS, and history of PAE (Table 1 ) [7] . The past 15 years in FASD research have been marked by efforts to define standardized diagnostic criteria. The fourdigit diagnostic code was the first instrument to address a broader spectrum of diagnostic outcomes and provides an objective set of criteria: each child is assigned a four-digit code, with each digit corresponding to the degree to which one of the four main features of FASD is fulfilled [8] . The possible codes are used to define 22 diagnostic categories, resulting in four diagnoses under the umbrella of FASD [FAS, partial FAS (pFAS), Static Encephalopathy (alcohol exposed), neurodevelopmental Disorder (alcohol exposed)] (see Table 2 ). Importantly, the lip/philtrum guide has ensured a more objective evaluation of the facial features (Figs. 1, 2, 3 ). Though extensively validated and widely recognized, some authors have pointed out that the use of the four-digit diagnostic code involves a disproportionate effort in daily clinical practice [9] . The Canadian guidelines [10] recommend the use of the four-digit diagnostic code to assess the symptomatology; however, these guidelines make use of the diagnostic classification system delineated earlier by Stratton and coworkers in 1996 [11] : fetal alcohol syndrome (FAS) with confirmed PAE, FAS without confirmed PAE, pFAS, and alcohol-related neurodevelopmental disorder (ARND; see Table 2 ); the latter diagnosis can only be made if PAE can be verified. However, they advise against the use of the term alcohol-related birth defects (ARBD), originally defined by Stratton et al. [11] , due to the difficulty of attributing causation. More recently, a relaxation of the facial criteria for FAS [9] and pFAS [12] has been proposed and ''pFAS Without Confirmed Maternal Alcohol Exposure'' was suggested as a diagnostic entity [9] , but these relaxations were confirmed to be medically invalid in a published empirical study [13] . In 2013, a German evidence-based guideline confirmed the existing diagnostic criteria for full-blown FAS and pointed to insufficient evidence for further diagnoses within the FAS spectrum [14] . In ICD-10, FAS and pFAS in children can be coded as Q86.0 FAS (dysmorphic) within the category Q86 ''congenital malformation syndromes due to known exogenous causes, not elsewhere classified''. Code Full blown syndrome; features for categories 1-3 (see Table 1 ) are met; specify: with or without confirmed PAE [7] [8] [9] [10] [11] [12] [13] Partial fetal alcohol syndrome (pFAS)
Some, but not all facial features of FAS are present; CNS dysfunctions as in FAS [7] [8] [9] [10] [11] [12] [13] . Some guidelines demand a confirmed PAE Alcohol-related neurodevelopmental disorder (ARND)
Characteristic pattern of CNS abnormalities without facial features. Confirmed PAE [9, 10] Alcohol-related birth defects (ARBD)
Various birth defects without CNS deficits. Confirmed PAE [9, 11] Static encephalopathy (alcohol exposed) (SE/AE) Genetic risk factors also have an effect on maternal drinking prior to and during pregnancy. Loci at the alcohol dehydrogenase (ADH) gene cluster including ADH1B represent the strongest genome-wide significant association signals detected for alcohol dependence [32] . According to data of the Avon Longitudinal Study of Parents and Children (ALSPAC), those 5 % of mothers who were carriers of the non-synonymous ADH1B single nucleotide polymorphism rs1229984 consumed less alcohol before pregnancy (95 % confidence interval of the odds ratio: 0.56-0.86) were less likely to have binged during pregnancy (95 % CI 0.38-0.78), and more likely to have abstained in the first trimester of gestation (95 % CI 1.12-1.80, [33]). It should be noted that genetic factors contribute to an increased risk of the development of alcohol disorders in offspring of mothers who consumed alcohol during pregnancy [34] . A further study based on the ALSPAC cohort revealed that five variants in four genes coding ADHs were associated with a child's cognitive ability at age 8 [3] . Associations between a child's genotype and outcome were only present among those, whose mothers reported drinking alcohol during pregnancy, and most of the ADHs genetic variants which predicted child's IQ were of the child genotypes. The study further supports the hypothesis that even small amounts of alcohol in utero have an effect on future cognitive outcomes.
Potential effects of a large number of confounders need to be considered for the analysis of the effects of maternal drinking on both cognition and behavior of the child. This difficulty has recently been exemplified in a recent SouthAfrican study, in which unexpectedly an independent effect of alcohol use composites was not detected after adjusting for maternal demographics, education and physical traits [32] . Based on the premise that the biological effects of maternal alcohol consumption largely impact on child's academic outcomes via intrauterine exposure, a comparison of maternal and paternal effects on children's academic outcomes should reveal stronger maternal effects. Indeed, in a third ALSPAC study a pattern of C4 units of alcohol (Ctwo glasses of wine) consumed on each single drinking occasion by mothers in early pregnancy proved to be associated with lower scores on an achievement test in children at age 11; in contrast, no associations between paternal 'binge' patterns of alcohol consumption and child's scores were observed [33] . The number of drinks and of binge episodes per day, and the maximum number of drinks in relationship to time of exposure in almost 1,000 pregnant women of a California-based cohort study revealed that all variables were associated with some but not all facial features of FAS in their offspring in addition to microcephaly and low birth weight particularly upon exposure during the second half of the first trimester. In [1] . Similarly, in mice typical craniofacial and midline forebrain deficiencies occur after ethanol exposure as early as in the equivalent to the third week of human gestation [34] , while the latter stages of gestation appear to be more sensitive to the growth retarding effect of prenatal ethanol [35] .
Vulnerability of the central nervous system
Several birth defects and malformations have been reported in FASD (9, see Table 3 ). For sake of brevity, we focus on aspects relevant for CNS function: volume reductions of the whole brain and of specific regions represent a possible outcome of PAE [36]; a reduced head circumference is a frequent finding. The prevalence of epileptic seizures has been reported to be as high as 17.7 % [36]. It has been estimated that roughly two thirds of children with FAS or pFAS show deficits in weight, height and/or BMI (\10th percentile) from birth into adulthood [38, 39] ; the rest either do not suffer from a growth deficit at any time [40] or show catch up growth during development. In the largescaled clinical study of Astley et al. [40] , only 34 % of 1,400 children with PAE showed a growth deficiency.
Multiple complex mechanisms via which PAE alters fetal development are believed to interact to produce variable macro-and microscopic CNS effects. Ethanol may cause FASD in part by disrupted cell-cell interactions [41] . PAE can induce an increase in oxidative stress in the brain of rodents via different pathways [42] . Antioxidant supplementation by different substances such omega-3 [42] was found to prevent teratogenic damages of ethanol in animal studies. Additionally, several mechanisms for ethanol-induced apoptosis of neural cells have been suggested [43, 44] . Retardation of forebrain growth and sensory thalamocortical fibers along the pathway of reduced serotonin projection indicates an important role of the sertonergic system [45] . The inhibition of IGF signaling might contribute to the frequent growth deficits by causing an impaired placental function [46] . The placenta likely has an important role in mediating ethanol-induced damage, the , a reduced volume leads to interhemispheric transfer deficits in tactile information and motor deficits, whereas a relatively thick callosum has been associated with deficits in executive function [57] . An association between facial features and corpus callosum morphology is viewed controversially [58, 59] . As the basal ganglia participate in multiple circuits that make connections with motor, sensory and cognitive areas of the cerebral cortex [59] , their volume reduction, e.g. of the nucleus caudatus [51, 61] , might be related to functional deficits in FASD such as a reduced IQ score [62] . Some studies have reported no changes in hippocampal volume [51], but others described significant differences even after accounting for total brain volume [63] . In some studies, specific disruptions in hippocampal development (particularly a volume reduction) were related to difficulties in learning and recall [64, 65] . A fMRI study revealed that individuals with FASD show a heightened prefrontal activation in response to working memory and inhibition demands in comparison to healthy controls [66] and ADHD patients [67] .
Neuropsychological, behavioral and psychiatric features of fetal alcohol spectrum disorders As alcohol exposure patterns are highly variable and usually accompanied by numerous other developmental risk factors, the existence of a specific neurocognitive profile of children with FASD can be doubted [52] . However, there is consensus that non-specific deficits and an overall impairment of cognitive abilities can ensue from PAE [68] . Even if a causal link between PAE and psychological and psychiatric features cannot be stringently confirmed, significant differences in various neurocognitive functions between patients with FASD and different control groups (e.g. healthy controls, children with ADHD or learning disabilities) have been observed in both daily clinical practice and scientific studies. It is estimated that approximately 70 % of children with heavy PAE are affected in neurobehavioral terms [69] . The average IQ score of children with FAS or pFAS is within the borderline to low average range. The spectrum extends from mild mental retardation to the high average range [52, 61, 65, 70] . Affected children suffer from a comparable decrement in both verbal and performance IQ [68, 69] .
Numerous studies have reported substantial attention deficits, hyperactivity and impulsivity among children and adolescents with heavy PAE, which exceed those expected for the level of overall cognitive impairment [71] . Whereas inattention has been described most frequently in FASD, hyperactivity and impulsive behavior were not evident in all study populations [72] . However, 50-95 % of children with heavy PAE suffer from a comorbid ADHD disorder, including hyperactive and/or impulsive behavior [73, 74] . Their neurocognitive deficits seemingly differ from those of children with a primary diagnosis of ADHD [75] : while the latter suffer primarily from deficits in focusing and maintaining attention, children with FASD instead are thought to experience less efficient encoding of information across both verbal and nonverbal modalities [76] . In comparison to subjects with ADHD, additional activations in posterior-parietal regions during working memory tasks have been described in individuals with FASD, which may reflect greater effort to compensate for increased difficulties [67] . Whereas deficits with arithmetic in ADHD are mediated by general deficits in attention, FASD-related difficulties are presumed to be mediated primarily by a specific deficit in the ability to mentally represent and manipulate numbers [77] . Effects of PAE on verbal comprehension and perceptual reasoning are assumed to be greater than in children with ADHD not associated with PAE [75] . Differences also likely exist in long-term development: adaptive ability in children with FASD is characterized by a lack of improvement with age in socialization and communication, in contrast to children with ADHD [78] . Altogether these findings suggest that severe and long-lasting attention deficits in FASD patients result in increasing impairment upon performance of more complex tasks.
Deficits in executive functions have been noted in various domains in patients with FASD [40, 70] . In addition to significant deficiencies in cognitive-based executive functions [31], neuropsychological tests have shown deficits in emotional executive functioning [79] . As these functions are essential for self-regulation and decision making, difficulties arise in domains such as school and work performance, social interaction and adaptive living skills [80] . Disturbed social-emotional behavior occurs mainly when entering kindergarten or school, where social adaptation is required [81] . At age 6-7 years, even average levels of PAE as low as one drink per week have been associated with externalizing behaviors such as aggression, whereas at moderate or heavy levels of exposure, effects on delinquent behavior are observed [5] . Many children with FASD are described as talkative, short-tempered, impulsive and intrusive with reduced social abilities in cognition and emotion processing [82] . As they lack understanding for the play ideas of their peers, they are at high risk of marginalization [83] . The occurrence of an attachment disorder due to deprivation and/or abuse should be considered as a differential or additional diagnosis. PAE in itself seemingly entails a higher prevalence of insecure attachment [84] .
In children with FAS, pFAS and/or severe PAE, language development disorders are common [85] . Both receptive and expressive deficits occur, leading to impaired functional communication skills. These children suffer mainly from reduced language comprehension and fail to produce contextually integrated discourse [85] , potentially aggravated by impaired language processing [85] . An increase in impaired hearing has been reported [87] , thus potentially contributing to a delayed language development. Altogether, severe PAE may induce communication deficiencies in children with FASD via insufficiently researched pathways. Further studies are warranted to clarify the association between language deficits and overall intellectual deficits [88] .
Many children with FASD suffer from poor motor performance independently of IQ [89] ; deficits in coordination and postural control are common [90] . Especially in highly exposed children, these motor problems may persist into adulthood [91] . Caregivers frequently report deficits in spatial orientation: children get lost even on known routes. An fMRI study revealed that individuals with FASD show a heightened prefrontal activation in response to spatial working memory tasks in comparison to patients with ADHD [92] . Psychological tests display deficits in learning and recall of place learning [93] , verbal and nonverbal information [94] , and numbers [92] . Learned skills or rules cannot be recalled after a short period of time or interruption. Some authors discuss an underlying impairment of encoding of information rather than a long-term memory deficit: children with FASD recall significantly less information after a delay, but in the longer term, they do retain an equivalent proportion of this recalled information compared to a control group [95] . For verbal working memory, individuals with FASD use a more extensive network of brain regions relative to typically developing individuals as revealed by fMRI [92] . This might reflect compensation mechanisms as well as possible structural changes. If memory deficits occur in individuals with FASD with average general cognitive abilities, their behavior is at a high risk of being misinterpreted as oppositional. As this may lead to relevant secondary disabilities, a diagnosis at an early stage is essential to prevent further negative consequences.
Developmental aspects
While the newborn period and early infancy are mainly characterized by growth deficits, birth defects [96] , feeding difficulties, irritability [21] or sleep disturbances [97] , childhood and early adolescence are marked by functional CNS deficits and their consequences as described above. In late childhood and adolescence, further maladaptive behaviors [98] may appear (Table 3) . Upon adjustment for postnatal environmental factors, PAE has been shown to contribute to an increased risk for conduct disorder in offspring [99, 100] . One of these studies [100] was based on a population-based sample of 626 same-gender twin pairs and their parents, who completed diagnostic interviews to derive at lifetime psychiatric diagnoses; their mothers were additionally asked to retrospectively state their alcohol and nicotine use during pregnancy. An average amount of 2.9 (SD 3.1) drinks per week was selfreported by the 13.1 % of mothers who acknowledged alcohol use during pregnancy. Alcohol consumption during pregnancy had a significant, independent impact on the prediction of offspring conduct disorder after adjustment for the impact of parental alcoholism, illicit drug disorder, antisocial personality, and pregnancy smoking. The second study was based on 592 adolescents (78 % of the original sample) aged 16 years whose mothers had been ascertained at an urban hospital prenatal clinic for a birth cohort study [99] . Thirty-six percent of children with conduct disorder as diagnosed with an interview was exposed to at least one drink per day during the first trimester compared to only 16 % of the non-conduct disordered adolescents. PAE remained a predictor of conduct disorder after adjustment for potential confounders.
The risk of adverse outcomes is possibly be reduced if children with FASD are raised in stable homes, and by initiation of an adequate diagnostic process as early as possible in life [101, 102] to enable psychoeducation of caregivers. Young adults with FASD often continue to be vulnerable to the influence of others, show a lack of distance and are unable to consider the consequences of their actions [103] . Their ability to understand complex relationships or abstract concepts such as space and time is reduced [104] . Adults with FASD frequently live in assisted living forms or with a caregiver. In contrast to their daily living skills, some of them strive for autonomy, which may lead to conflicts and frustration in both the affected individuals and their caregivers [38] . Even in adult subjects, financial matters are mostly managed by caregivers [105] . Despite intensive therapeutic support, only single individuals with FASD learn a trade or earn a living [106] , many work in unskilled jobs or do not reach sustainable employment. Successful completion of regular vocational training is exceptional; dropping out of training programs occurs frequently [105] . In US studies, up to 60 % of subjects with FASD came into conflict with the law, and up to 35 % was imprisoned for a criminal offense [102] . European studies indicate lower rates [38, 105] . On the other hand, susceptibility to victimization (physically, sexually, and emotionally) is increased in individuals with FASD [107] .
The number of substantiated studies assessing comorbid psychiatric disorders in affected adults is very limited. Aggressive behavior or depressive episodes are seemingly common in adults with FASD [106] , but rarely formally diagnosed and in case of internalizing disorders frequently not even recognized [108] . Up to 92 % of young adults in study populations suffer from a psychiatric disorder: the most common diagnoses are ADHD (65 %) followed by depression (47 %) and panic disorder (21 %) [103] . In addition, the combination of a genetic disposition and promoting factors such as impulsivity, high suggestibility, a lack of risk awareness and social-emotional impairment increases the risk of developing substance use disorders [102, 109] . In animals, PAE increases postnatal responsiveness to ethanol odor and taste and later acceptance and ingestion of ethanol via mechanisms insufficiently researched yet [110] . Alcohol consumption during pregnancy is positively associated with a child's alcohol consumption and the development of alcohol disorders in young adulthood [109, 111] ; according to an Australian populationbased birth cohort study the odds ratios for development of an alcohol disorder at age 21 were 2.95 and 1.35 upon early and late intrauterine exposure, respectively [109] .
Data on the long-term outcome of subjects with FASD above the age of 30 years have not been reported yet.
Strategies for intervention
Evidence-based preventive measures, which are available at both the individual and population levels, should be pursued to elevate the legal age at onset of regular drinking and to reduce the quantity of alcohol consumption; alcohol taxes, restrictions on alcohol availability, and drinkingdriving countermeasures are among the most effective policy options [112] . Females of child bearing age and their partners in particular need to be made aware of the risks associated with PAE; physicians have a responsibility in providing this information. In this context, it should be noted that according to an Australian survey of clinical providers only 9, 34 and 38 % of respondents stated they always screen for alcohol use in women of childbearing age, planning to get, and currently pregnant, respectively [113] . An early screening for risky drinking before and during pregnancy appears promising [114] particularly among at risk females [115] ; subsequent brief interventions related to alcohol consumption have been shown to be effective [116] . As alcohol intake in pregnant mothers is thought to be frequently under-reported, biological markers such as determination of fatty acid ethyl esters in the meconium, hair or nails of mothers and newborns [117] may be useful in retrospectively assessing PAE in the last trimester of pregnancy and identifying those mothers whose future children are at risk. However, apart from ethical implications, missing standardized cut-off values and low specificity still inhibit widespread implementation [115, 118] . In particular, screening for PAE should not be equated with screening for FAS: even among heavy drinkers and the occurrence of FAS has been shown to be as low as 4.3 % [119] . Given the known fact that a poor maternal nutritional status is a major risk factor for developing FASD, a supplementation of women at risk with for example iron, folic acid, choline and/or vitamin A should be considered [27] .
Currently, there are no available curative treatments for FASD. With respect to positive results of animal studies, the efficacy of choline supplementation in young children with FASD is being investigated in an ongoing study [120] . The use of stimulant medications is common for reducing ADHD symptoms, even though the current data for FASD are quantitatively and qualitatively limited: two randomized-controlled trials based on small sample sizes [121, 122] and uncontrolled retrospective studies [123, 124] show improved hyperactivity and impulsivity after treatment with methylphenidate, whereas inattention was less responsive. A substantially better response to dexamphetamine in comparison to methylphenidate has been reported [125] . The effect of atomoxetine in FAS is currently being investigated in an ongoing, randomized-controlled trial [126] ; valid studies with adequate sample sizes to assess further substances such as a2-presynaptic agonists, selective serotonin reuptake inhibitors, mood stabilizers, antipsychotics, and tricyclics are lacking [123] , as are studies to examine the effects of stimulant medication in adults with FASD.
Further therapeutic interventions in FASD mainly focus on behavioral-orientated or educational programs to reduce negative impacts on the long-term development of affected children. Empirically substantiated intervention programs are scarce [127] . Existing or slightly modified programs are used, covering learning areas such as arithmetic skills [128] , reading and writing [129] , executive functioning [130] and working memory [131] , and also safety skills [132] and social competences [133] . A key finding from several studies is that the mastery of skills in a given domain may not generalize to other domains [127] . Factors such as inclusion of a parent or caregiver training component and the provision of direct instructions to the child contribute significantly to a positive therapeutic outcome [134] . Regardless of general intellectual functioning, deficits in executive functioning can limit the effectiveness of interventions [135] . Data on possible long-term effects of intervention programs are currently not available. However, even non-FASD-specific interventions lead to an improvement of the target skills in the short and medium term and should therefore be used in daily clinical practice in cooperation with parents and caregivers. Further studies are warranted to assess the need and the effectiveness of FASD-specific intervention programs.
Outlook
Our understanding of FASD has increased substantially since the original delineation in 1968 by Lemoine and coworkers [136] . Prevention is definitely of utmost importance; we need to build up further evidence for prevention efforts that are practical, ethical and effective. More educational efforts are required so that females in general and physicians in particular who treat females in the child bearing age and/or children are well aware of the risks of PAE. Physicians and especially child and adolescent psychiatrists need to more frequently consider PAE and FASD upon assessing children with developmental delays and behavioral disorders. The future guidance and treatment of mothers who have born a child with a FASD are of obvious relevance. We need further neurobiological research to identify potential intervention strategies that may reduce the risk of the development of FASD and to improve the outcome of thus affected children. Epigenetics, metabolomics and proteomics may prove valuable for further insight to the mechanisms underlying the development of FASD. 
